Currently, oncology testing includes molecular studies and cytogenetic analysis to detect genetic aberrations of clinical significance. Next-generation sequencing (NGS) allows rapid analysis of multiple genes for clinically actionable somatic variants. The WUCaMP assay uses targeted capture for NGS analysis of 25 cancerassociated genes to detect mutations at actionable loci. We present clinical validation of the assay and a detailed framework for design and validation of similar clinical assays. Deep sequencing of 78 tumor specimens (!1000Â average unique coverage across the capture region) achieved high sensitivity for detecting somatic variants at low allele fraction (AF). Validation revealed sensitivities and specificities of 100% for detection of single-nucleotide variants (SNVs) within coding regions, compared with SNP array sequence data (95% CI Z 83.4e100.0 for sensitivity and 94.2e100.0 for specificity) or whole-genome sequencing (95% CI Z 89.1e100.0 for sensitivity and 99.9e100.0 for specificity) of HapMap samples. Sensitivity for detecting variants at an observed 10% AF was 100% (95% CI Z 93.2e100.0) in HapMap mixes. Analysis of 15 masked specimens harboring clinically reported variants yielded concordant calls for 13/13 variants at AF of !15%. The WUCaMP assay is a robust and sensitive method to detect somatic variants of clinical significance in molecular oncology laboratories, with reduced time and cost of genetic analysis allowing for strategic patient management. (J Mol Diagn 2013, -: 1e17; http://dx.doi.org/10.1016/j.jmoldx.2013.10.002) Q1 Traditional approaches to the genetic characterization of clinical oncology specimens include cytogenetic analysis, fluorescence in situ hybridization (FISH), and molecular studies of single genes. These methodologies are complementary to each other and generate information of diagnostic and prognostic relevance. However, as new insight is gained into the complexities of cancer at the molecular level, the need emerges to obtain a more detailed cancer genetic profile for improved patient management. As illustrated by recent studies, identifying DNA mutations in cancer may aid in understanding clonal evolution, 1 risk stratification, 2 and therapeutic strategies. 3, 4 With the advent of next-generation sequencing (NGS), a more complete biological characterization of a tumor can be attained at the molecular level.
Currently, oncology testing includes molecular studies and cytogenetic analysis to detect genetic aberrations of clinical significance. Next-generation sequencing (NGS) allows rapid analysis of multiple genes for clinically actionable somatic variants. The WUCaMP assay uses targeted capture for NGS analysis of 25 cancerassociated genes to detect mutations at actionable loci. We present clinical validation of the assay and a detailed framework for design and validation of similar clinical assays. Deep sequencing of 78 tumor specimens (!1000Â average unique coverage across the capture region) achieved high sensitivity for detecting somatic variants at low allele fraction (AF). Validation revealed sensitivities and specificities of 100% for detection of single-nucleotide variants (SNVs) within coding regions, compared with SNP array sequence data (95% CI Z 83.4e100.0 for sensitivity and 94.2e100.0 for specificity) or whole-genome sequencing (95% CI Z 89.1e100.0 for sensitivity and 99.9e100.0 for specificity) of HapMap samples. Sensitivity for detecting variants at an observed 10% AF was 100% (95% CI Z 93.2e100.0) in HapMap mixes. Analysis of 15 masked specimens harboring clinically reported variants yielded concordant calls for 13/13 variants at AF of !15%. The WUCaMP assay is a robust and sensitive method to detect somatic variants of clinical significance in molecular oncology laboratories, with reduced time and cost of genetic analysis allowing for strategic patient management. (J Mol Diagn 2013, -: 1e17; http://dx.doi.org/10.1016/j.jmoldx.2013.10.002) Q1 Traditional approaches to the genetic characterization of clinical oncology specimens include cytogenetic analysis, fluorescence in situ hybridization (FISH), and molecular studies of single genes. These methodologies are complementary to each other and generate information of diagnostic and prognostic relevance. However, as new insight is gained into the complexities of cancer at the molecular level, the need emerges to obtain a more detailed cancer genetic profile for improved patient management. As illustrated by recent studies, identifying DNA mutations in cancer may aid in understanding clonal evolution, 1 risk stratification, 2 and therapeutic strategies. 3, 4 With the advent of next-generation sequencing (NGS), a more complete biological characterization of a tumor can be attained at the molecular level. 5 Increased access to sequencing technology and a decrease in the associated costs have made it possible for clinical laboratories to develop testing strategies using NGS. Clinical tests may be targeted to a panel of genes relevant to a given phenotype or disease, or may be more broad in scope (eg, whole-exome or whole-genome analyses). To date, most NGS clinical testing has focused on the detection of constitutional rather than somatic sequence variation, such as that reported in neuromuscular disease, mitochondrial disorders, familial cancer syndromes, cardiomyopathy, ciliopathies , 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60  61  62  63 and familial hypercholesterolemia. 6e12 Nonetheless, there is an increasing role for NGS testing to direct the management of oncology patients. For example, KRAS mutations in codons 12 and 13 are observed in approximately 40% of colorectal cancer cases, 13 and these correlate with a poor response to anti-EGFR antibody therapy.
14 Likewise, the detection of an EGFR exon 19 or 21 mutation in nonesmall cell lung cancer is correlated with sensitivity to EGFR tyrosine kinase inhibitors, including gefitinib and erlotinib. 15 Concomitant NGS analysis of a select set of genes with relevance across a broad scope of cancers increases the likelihood of detecting rare but clinically actionable variants (such as KIT mutations, which are present in <10% of thymic carcinomas 16 ), is an aid in selecting therapeutics for tumors harboring multiple genetic changes (such as combination therapies used for synergistic suppression), and allows for a tailored treatment regimen and more personalized patient care. 17 Unlike single-gene tests, applied chiefly to cancer types commonly harboring mutations in one gene, the use of NGS-based testing of multiple oncology targets also allows for detection of rare and at times unexpected genetic variation. Moreover, the additive cost of performing multiple single-gene assays quickly exceeds that of multiplex testing but provides less in terms of cumulative information.
The emerging use of NGS approaches in clinical laboratories has brought increased interest in the development of guidelines to ensure that NGS testing to direct patient care is performed to the same rigorous standards as other clinical tests focused on the analysis of nucleic acids, such as DNA sequence analysis by Sanger methodology, DNA copy number analysis by microarray analysis, and detection of chromosome aberrations by interphase FISH. To that end, several organizations have promulgated guidelines for clinical NGS analysis. The College of American Pathologists (CAP) has released a checklist covering NGS. 18 Although the checklist addresses both the technical and bioinformatics components of NGS, it is structured as a series of requirements, with little guidance as to how the requirements should be met in routine clinical practice. The Next Generation SequencingeStandardization of Clinical Testing (Nex-StoCT) working group facilitated by the U.S. Centers for Disease Control and Prevention (CDC) recently provided a much more detailed document covering the validation of clinical NGS tests, 19 as has the New York State Department of Health (http://www.wadsworth.org/labcert/ TestApproval/forms/NextGenSeq_ONCO_Guidelines.pdf, last accessed Q2 November 7, 2013). The recommendations from both groups are comprehensive and cover both the laboratorybased and bioinformatics components of NGS, but again there is little detail as to how the requirements should be met in actual practice. Similarly, the Clinical and Laboratory Standards Institute (CLSI) will soon offer descriptive guidance on the implementation of clinical NGS (projected for the first quarter of 2014 as document MM09-A2, an update of the currently available document on nucleic acid sequencing 20 ), Q3 but does not address issues such as validation or quality control (QC) directly. The U.S. Food and Drug Administration (FDA) is likewise aware of the need for increased oversight of NGS as a laboratory-developed test (http://www.fda.gov/ MedicalDevices/NewsEvents/WorkshopsConferences/ucm 255327.htm, last accessed October 30, 2013);
Q4
to date, however, the FDA has issued no specific regulatory guidance.
Thus, although several organizations have recognized the need for formalized guidelines under which clinical NGS can be performed, there remains a gap between the general requirements that have been published and detailed and focused information regarding how those requirements should be satisfied in routine practice. It is understandable that clinical NGS laboratories may be struggling with questions of what constitutes an appropriate approach to these requirements, including documentation of the analytical wet-bench process used to generate NGS data and of the bioinformatics used to support the analysis, interpretation, as well as reporting of NGS-based results as required by the various regulatory bodies.
18e20 Different laboratories address the regulatory requirements in various ways, and the discrete validation paradigms pursued by each laboratory need to be disseminated, so that their strengths and weaknesses can be evaluated. To this end, here we report the validation performed at Genomics and Pathology Services at Washington University for an NGS test designed to detect sequence variation within a targeted panel of actionable oncology genes (Figure 1 ), a validation process designed to meet the regulatory guidelines that have thus far been published.
Materials and Methods

WUCaMP Assay Design
The Washington University Cancer Mutation Profiling (WUCaMP) gene set targets oncology genes containing known, clinically important variants. Genes were selected based on the presence of described mutations with an established role for targeted therapy (or that affect response to targeted therapy), an established role in current treatment paradigms, and a record of reimbursement when sequenced print & web 4C=FPO Figure 1 The Washington University Cancer Mutation Profiling (WUCaMP) gene set includes NGS analysis of 25 genes with relevance across multiple tumor types. As supplements to the set, ALK and MLL are assessed by FISH for rearrangements. The choice of genes for the set was based on direct clinical actionability of the target mutations, as determined by consensus between pathologists and oncologists at our institution. 125  126  127  128  129  130  131  132  133  134  135  136  137  138  139  140  141  142  143  144  145  146  147  148  149  150  151  152  153  154  155  156  157  158  159  160  161  162  163  164  165  166  167  168  169  170  171  172  173  174  175  176  177  178  179  180  181  182  183  184  185  186  187 individually. A series of meetings with medical oncologists across a range of subspecialties was used to limit the number of genes in the set to those viewed as having the most clinical utility at that time.
Genes
For 25 genes (BRAF, CHIC2, CSF1R, CTNNB1, DNMT3A,  EGFR, FLT3, IDH1, IDH2, JAK2, KIT, KRAS, MAP2K2,  MAPK1, MET, NPM1, NRAS, PDGFRA, PIK3CA, PTEN,  PTPN11, RET, RUNX1, TP53 , and WT1), all exons and 200 bp flanking each exon were sequenced by NGS (Figure 1 ). The capture region (Supplemental Table S1) Q5 totals approximately 300 kb. Interphase FISH for ALK and MLL (to detect rearrangements) and for EGFR (to detect amplification) supplements the sequence information derived from the 25 genes. (We note that MLL has been reclassified as KMT2A, but for consistency with current clinical practice here we use the MLL gene symbol.)
Q6
Target Selection
Illumina (San Diego, CA) sequencing libraries were enriched for the targeted 25 genes using solution-phase biotinylated cRNA capture reagents (SureSelect; Agilent Technologies, Santa Clara, CA). The design used Agilent's proprietary algorithm and synthetic process to generate the custom capture reagents Q7 for the panel. Targeted regions were based on custom coordinates for annotated exons of the 25 genes from NCBI RefSeq release 45, incorporating 200 bp flanking each exon (to ensure high coverage at exon boundaries) and 1000 bp upstream and downstream of each gene. The resulting capture region comprised approximately 20% coding and 80% noncoding sequence. The UCSC Genome Browser (http://genome.ucsc.edu, last accessed August 23, 2013) mappability data (both ENCODE/CRG alignability and ENCODE/OpenChrom uniqueness) were used during assay design to ensure the uniqueness of the regions selected for capture and to make sure that areas with possible homology to pseudogenes would not prohibit mapping and variant detection. Mappability scores, WUCaMP assay mapping quality data by gene and exon, and location of homologous sequences are presented in Supplemental Tables S2 and S3 . PIK3CA exons 10 to 14 exhibited the greatest homology to another genomic location (a pseudogene on chromosome 22; Supplemental Table S3 ) and showed as high as 33% of reads with a mapping quality score of <50 (Supplemental Table  S2 ). However, these exons achieved high coverage despite potential ambiguous mapping of some paired reads; lack of interference by the homologous region was confirmed by successful mapping and detection of simulated mutations in these exons in silico (data not shown).
Sample Collection and DNA Extraction
The full WUCaMP workflow is diagrammed in Figure 2 . DNA was extracted from FFPE and/or fresh-frozen tissues using a QIAamp DNeasy blood and tissue kit (Qiagen, Valencia, CA). DNA was extracted from cell lines from the HapMap Project 21 and from blood and bone marrow using a print & web 4C=FPO Figure 2 Schematic view of the WUCaMP assay workflow. DNA is extracted from tumor tissue (1) derived from fresh or FFPE specimens and fragmented by sonication (2) . Libraries are prepared and amplified via limited-cycle PCR (3) and enriched for WUCaMP genes by fluid phase hybridization to custom cRNA capture reagents (4) . The hybridized product is amplified (5) and sequenced on an Illumina HiSeq 2000 or Illumina MiSeq instrument (6) . Paired-end reads are aligned to the genome (7), PCR duplicates are removed (8) , and variant calls are made (9) . Variants are annotated and classified by our internally developed CGW application, using publicly available and proprietary databases, and the case is reviewed and interpreted by a clinical genomicist for sign-out in CGW (10) . A report is then issued to the medical record (11).
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The ). Graphing was performed using R software version 2.15.1 and ggplot2 for R. 31 Sanger sequence data were visualized and analysis was aided using Mutation Surveyor software (SoftGenetics, State College, PA).
Validation Specimens and Assessment of Analytical Performance Characteristics
For validation of the WUCaMP assay, we tested 78 tumor specimens, including 67 solid tumors derived from formalin fixed, paraffin embedded (FFPE) samples and 11 hematologic malignancy (acute myeloid leukemia) specimens Q14 derived from involved blood or bone marrow, and three 373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413  414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435 in a masked fashion for 15 of the 78 tumor specimens, as described below. Extracted DNA was prepared and sequenced multiple times for some specimens, to assess reproducibility (38 specimens were sequenced twice and 1 specimen was sequenced four times), yielding a total of 119 tumor specimen sequencing data sets from solid-tumor and hematologic specimens. For 16 of the FFPE specimens, matched fresh-frozen tissue was also tested for comparison. In addition to the 78 validation tumor specimens, after launch of the assay 51 routine clinical NGS specimens were tested in parallel by Sanger sequencing in a comparative analysis (described below). Quality and depth-of-coverage metrics were measured across all 119 tumor specimen data sets, to establish an acceptable reference range for key measures (including percentage of reads mapped to the reference sequence, percentage of reads mapped to the target region, and number of unique on-target reads).
Analytical performance characteristics were assessed using HapMap and clinical specimens. For accuracy and to calculate analytic sensitivity and specificity, variant calls made by our pipeline for HapMap specimen NA19240 were compared with publicly available data on that specimen from two orthogonal platforms, the Illumina Omni 2.5M microarray (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/ working/20101206_hapmap_omni_results) 32 and wholegenome sequence data from Complete Genomics (ftp://ftp2. completegenomics.com/YRI_trio/ASM_Build37_2.0.0/NA 19240). 33 To assess precision, including repeatability and reproducibility of the assay, we measured concordance between repeat runs, between different lanes of the Illumina HiSeq instrument, between instruments, and between samples prepared by different technicians.
Accuracy was also assessed using parallel Sanger testing in routine clinical NGS samples. PCR amplicons (368 primer pairs, synthesized by Integrated DNA Technologies, Coralville, IA; sequences are available on request) were developed to span the entire coding region, nearly 60 kb, of the WUCaMP gene set (with the exception of exon 1 of WT1, for technical reasons). The targeted amplicon size was 250 to 500 bp, and exons larger than the targeted amplicon size were covered by multiple amplicons with 50-to 100-bp overlap, to ensure complete high-quality coverage. Small exons separated by short intronic regions were covered by a single amplicon if possible. All primers were ordered with the appropriate sense and antisense M13 tail sequences, to ensure full-length Sanger reads; when used to verify NGS results, all amplicons were sequenced with bidirectional coverage or in duplicate with unidirectional coverage.
The limit of detection of the assay was assessed using preanalytic and in silico mixtures of two HapMap samples, NA18507 and NA19129, to validate the detection of variants at low variant allele fractions (VAFs) and coverage depths. The two samples were first sequenced individually to establish a gold-standard set of variants using two established variant calling tools, SAMtools, 22 and GATK. 24, 25 For NA18507 and NA19129, respectively, 277 and 305 calls were concordant between the two variant callers and present at a unique coverage depth of >50Â, including 33 and 36 variants, respectively, in coding regions. Positions with low coverage (<50Â) and positions at which the two variant callers were discordant were masked during analysis of HapMap mixes, to avoid including true variants missed during the gold-standard analysis.
Sensitivity for variants at low allele fraction (AF) was first assessed using two preanalytical mixed samples of NA18507 and NA19129. DNA from each sample was mixed to achieve proportions of 50% and 20% of NA19129 by mass, and 1000 ng of the mix was used for library generation and sequencing, as described above, to achieve a mean unique coverage of approximately 600Â. Sensitivity was assessed for NA18507 variants in the 50% mix and for NA19129 variants in the 20% mix, both across the entire target region and in coding regions and adjacent splice sites only. False-positive calls were defined as those variants identified in the mix that were not included in the gold-standard set for either sample (after excluding positions with either discordant calls or coverage of <50Â in the gold-standard set).
Low VAF detection was also assessed as a function of coverage, using a set of mixed samples derived in silico from NA18507 and NA19129. Mapped reads from the individual data sets were sampled and combined to generate synthetic data sets with 1000Â unique coverage and mix proportions of 50%, 20%, 10%, and 2% of NA18507, with NA19129 for the remaining proportion in each; these mixed samples were expected to have VAFs of 25%, 10%, 5%, and 1% at positions with heterozygous variants unique to NA18507. The mixed data sets were also downsampled at random to achieve mean coverages of 750Â, 500Â, and 250Â, for a total of 16 mixed data sets with a range of mix proportion and coverage levels.
To demonstrate the ability of the assay to detect clinically relevant somatic variation, we sequenced masked clinical specimens previously analyzed by Sanger sequencing or fragment analysis in Clinical Laboratory Improvement Amendments (CLIA)ecertified, CAP-accredited clinical diagnostic laboratories. Identified variants were reported according to HGVS nomenclature, using genomic, coding DNA, and protein reference sequences; read alignments and variant call information were also reviewed in the Integrative Genomics Viewer 26, 27 to visually confirm the presence of the variant identified by CGW.
Multiplexed Sequencing Validation
We assessed the frequency of contamination that occurs during library preparation by preparing a library from each of two human genomic DNA samples side by side, each with a unique index. Each indexed library was sequenced individually on three separate lanes. The frequency at which a valid index other than the index used for the sample was identified in the sequenced reads was calculated. Reads with an invalid
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The Journal of Molecular Diagnostics -jmd.amjpathol.org 5   497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525  526  527  528  529  530  531  532  533  534  535  536  537  538  539  540  541  542  543  544  545  546  547  548  549  550  551  552  553  554  555  556  557  558  559   560  561  562  563  564  565  566  567  568  569  570  571  572  573  574  575  576  577  578  579  580  581  582  583  584  585  586  587  588  589  590  591  592  593  594  595  596  597  598  599  600  601  602  603  604  605  606  607  608  609  610  611  612  613  614  615  616  617  618  619  620 index (ie, reads with an index sequence that was not matched to any of the 96 indices used in our laboratory) were discarded from the analysis. To assess for possible crossover between indexed samples on the instrument during multiplex sequencing, libraries from HapMap genomic DNA samples NA18507 and NA19240 were generated side by side, enriched for exome targets as described above, and pooled in the same lane for multiplex sequencing on a HiSeq 2000 instrument. All positions in the targeted regions of our panel with unique homozygous nonreference genotypes in NA19240 relative to NA18507 were identified (n Z 15), and the base counts at those positions in sequence data from NA18507 were generated. The converse analysis was also performed, querying positions in the data from NA19240 for which NA18507 had unique homozygous nonreference genotypes (n Z 11). A similar analysis was performed for whole-exome data.
QC
Data collected during the assay validation phase were applied toward the development of QC metrics for use in routine clinical specimen testing. These data were derived from the 78 tumor specimens described above, which were considered representative of the type to be encountered in our standard workflow. A QC report consists of three parts.
Q15 Level 1. Specimen-level sequencing metrics are parameters indicating overall sequencing quality and coverage for the specimen, including total reads, percent mapped, number of on-target reads, percentage of reads on target, percentage of unique on-target reads (ie, not potential PCR duplicates), and percentage of targeted positions with !50Â, !400Â, and !1000Â unique coverage.
Level 2. The exon-level coverage metric comprises a list of exons in the capture region that did not achieve 50Â unique coverage at 95% or more of positions (including gene name and exon number). Low coverage of such exons is declared in the clinical report.
Level 3. The clinically actionable variants metric comprises a list of curated nucleotide positions with known clinically actionable variants that did not achieve 50Â unique coverage.
Results
Overview
WUCaMP is a high-coverage, NGS-based clinical test for detection of somatic mutations in cancer. DNA is extracted from tumors, fragmented, amplified via limited-cycle PCR, and subjected to solution-phase enrichment of the exons and flanking intronic sequence of 25 target genes (totaling w300 kb), using custom-designed biotinylated cRNA capture reagents (SureSelect; Agilent Technologies). Paired-end, 101-bp or 150-bp sequencing is performed on an Illumina HiSeq 2000 or an Illumina MiSeq instrument, respectively. In routine practice, data are analyzed to generate an automated draft clinical report, which is edited and finalized by a Washington University clinical genomicist and returned to the ordering physician. Interphase FISH for ALK, MLL, and EGFR accompanies the NGS analysis for detection of gene rearrangements and copy number variation at these loci.
Selection of tumor tissue for analysis by a Board-certified anatomical pathologist and great depth of coverage are integral to the WUCaMP assay. Detection of somatic variants in cancer is most straightforward when only tumor cell DNA is sampled, such as in acute leukemias with high blast percentages. In solid tumors, however, the malignant cells are always surrounded by supporting stromal cells, inflammatory cells, and benign parenchymal tissue elements, resulting in the generation of sequence derived from both tumor and nontumor DNA that includes both constitutional and somatic variants. For the WUCaMP assay, a pathologist reviews H&E-stained slides cut from tumor specimens and marks the areas of greatest tumor cellularity and viability, to minimize contamination from nontumor cell DNA. Even when areas of very high tumor cellularity are sampled, tumor heterogeneity can result in a range of observed AFs. ), allows detection of variants at low AF resulting from low tumor cellularity or tumor heterogeneity, as described below.
Analysis and interpretation of sequence data and variants detected in the 25 WUCaMP genes are managed by CGW, our custom Web-based application. The CGW application manages order intake, including case number, patient and specimen details, and nucleic acid index; facilitates the bioinformatics analyses for base calling, read mapping, and 621  622  623  624  625  626  627  628  629  630  631  632  633  634  635  636  637  638  639  640  641  642  643  644  645  646  647  648  649  650  651  652  653  654  655  656  657  658  659  660  661  662  663  664  665  666  667  668  669  670  671  672  673  674  675  676  677  678  679  680  681 
Establishment of Quality Metrics and Reportable Range
We measured quality and depth-of-coverage metrics across all clinical validation specimen data sets to establish acceptable run-level QC parameters, including the percentage of reads mapped to the reference sequence, the percentage of mapped reads that mapped specifically to the target region, and the number of unique on-target reads (Table 1   ½T1 ½T1 ). On the Illumina HiSeq instrument, the average total number of reads across 99 FFPE validation tumor specimen data sets was 13.9 million (SD Z 4.8 million). An average of 98.6% (SD Z 1.5%) of the bases were mapped, and an average of 42.7% (SD Z 11.8%) of the mapped reads were on-target (ie, within the w300-kb capture region). On average, validation specimens yielded 2.9 million unique on-target reads (SD Z 1.0 million), representing approximately 21% of the average total reads per case.
The read and coverage statistics were similar for sequencing runs of libraries prepared from fresh-frozen tissue specimens, blood or bone marrow specimens, or cell lines. Similar numbers of on-target reads were achieved from formalin-fixed and unfixed sources of DNA. These data indicate that formalin-fixed tissues are suitable for NGSbased analyses, as documented elsewhere. 34 The percentage of base positions at which high-quality unique on-target reads were achieved at depths of 50Â, 400Â, and 1000Â was calculated (Table 2
½T2 ½T2
). For an average FFPE specimen sequenced on the HiSeq instrument, 96.9% (SD Z 1.3%) of positions were covered at a depth of !50Â, 82.6% (SD Z 12.2%) at a depth of !400Â, and 46.2% (SD Z 23.0%) at a depth of !1000Â. With the MiSeq instrument, distribution of coverage was nearly identical to that of the HiSeq.
Quality metric data obtained from the assay validation phase were used to establish a QC report for use in the standard workflow for clinical specimen testing. This allowed for an evaluation of the data quality generated from each clinical sample in comparison with the aggregate validation data metrics. Indicators including specimen-level sequencing metrics, exon-level coverage metrics, and coverage at clinically actionable nucleotide positions were assessed for each clinical sample. If the quality of a given clinical sample was deemed inadequate (because of low coverage), the assay was repeated to improve this outcome.
To determine the reportable range, defined as the region of the genome in which sequence of an acceptable quality can be derived, average depth of unique coverage for each base position in each exon of the 25 WUCaMP genes was determined for all validation tumor specimen data sets (n Z 119). High coverage on a gene-by-gene (Figure 4 ) basis was present throughout the 25-gene capture region. A limited number of exons (largely the GC-rich first Data are expressed as means AE SD. 
Q27
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The Journal of Molecular Diagnostics -jmd.amjpathol.org 7   745  746  747  748  749  750  751  752  753  754  755  756  757  758  759  760  761  762  763  764  765  766  767  768  769  770  771  772  773  774  775  776  777  778  779  780  781  782  783  784  785  786  787  788  789  790  791  792  793  794  795  796  797  798  799  800  801  802  803  804  805  806  807 exon of several genes; Supplemental Tables S2 and S3) did not achieve 50Â unique coverage at 95% of exonic base-pair positions across validation samples. Those regions included exon 1 in BRAF, EGFR, FLT3, IDH2, KRAS, MAP2K2, MAPK1, MLL, PIK3CA, PTPN11, RET, and WT1, and also exons 2 and 8 in the DNMT3A gene, representing 14 of the 393 exons (3.6%) contained in our target capture region.
Accuracy and Analytical Sensitivity and Specificity
Demonstrating accuracy across the large number of clinically important positions sequenced in the approximately 300-kb WUCaMP capture region was not feasible using clinical cancer specimens. Unlike those of clinical specimens, the genomes of cell lines from the HapMap Project have been thoroughly characterized by a number of genotyping and sequencing methods, providing ample reference data to validate SNV detection over a range of coverages and sequence contexts. SNV calls made by our pipeline for HapMap cell line NA19240 were therefore compared with publicly available data on NA19240 from two orthogonal platforms, the Illumina Omni 2.5M microarray (Table 3 ½T3 ½T3
) and whole-genome sequence data from Complete Genomics (Table 4 ½T4 ½T4 ), the latter of which allowed for comparison of the majority of sites in our capture region.
Unfiltered coding region variant calls from the WUCaMP pipeline are presented in Supplemental Table S4 . Reference base calls and homozygous and heterozygous nonreference SNV calls were extracted from the Omni 2.5M microarray and Complete Genomics data on NA19240 and were compared with SNV calls made by our WUCaMP pipeline for eight independent NA19240 library preparations sequenced across three separate HiSeq runs. Minimum sensitivity, specificity, and positive predictive value (PPV) calculated across these eight preparations from the Omni 2.5M and Complete Genomics comparisons are reported in Tables 3 and 4 , respectively. For the latter comparison, a total of 288,955 sites were compared, 302 of which were called nonreference (homozygous or heterozygous) by Complete Genomics. The sensitivity of WUCaMP across our capture region, as assessed using Complete Genomics as the gold standard, was !98.3% [95% confidence interval (95% CI) Z 95.9e99.4] across runs, and the specificity was 100.0% (95% CI Z 99.9e100.0). The PPV across the capture region ranged from 95.5% (95% CI Z 92.4e97.4) to 97.7% (95% CI Z 95.1e99.0) across runs.
Because only approximately 20% of our capture region includes coding sequence, which generally has higher coverage (because of greater sequence complexity and more complete tiling with capture baits) and contains the vast majority of the clinically relevant loci, we also assessed these metrics limited to the coding region sequence. This analysis showed coding region sensitivity, specificity, and PPV were 100% (95% CI Z 89.1e100.0 for sensitivity and PPV and 95% CI Z 99.9e100.0 for specificity) when using Complete Genomics as the gold standard, with >57,600 sites compared (Table 4) .
To extend the assessment of the accuracy of the assay to routine clinical samples, a concurrent testing strategy was used for 51 WUCaMP cases. Coding regions containing hotspots for mutations associated with clinical outcomes in certain cancers were PCR-amplified and sequenced by the Sanger method. This analysis identified 56 coding variants, including germline polymorphisms and somatic variants (Table 5 
½T5 ½T5
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Precision and Reproducibility
To assess precision, including repeatability and reproducibility of the assay, HapMap cell line NA19240 was subjected to sequencing and analyses as described under Materials and Methods on repeat runs that differed in the technician performing library preparation, HiSeq lane number, instrument, or instrument run (Table 6 ½T6 ½T6
). We calculated average coding region variant-call concordance rates of 100.0 AE 0.0% between samples prepared by different technicians, and 98.7 AE 1.2% between samples prepared by the same technician on different days. Inter-run reproducibility, in which the same library preparation was sequenced on two separate runs of the same sequencing instrument, yielded a coding region variantcall concordance of 98.8 AE 1.6%. Coding region concordance was 99.2 AE 1.2% when a single library preparation was run on two different instruments. Concordance in the coding regions fell short of 100% in some comparisons because of a single position that was not covered at the 50Â depth required to make a call in our pipeline in one of the sequenced specimens in the pairwise comparison. This position was identified in dbSNP as rs12872889, in the coding portion of exon 1 of the FLT3 gene.
Limit of Detection
The sensitivity for detecting variants at low AF that occur because of tumor heterogeneity or stromal contamination was assessed using preanalytic and in silico mixtures of two HapMap samples. DNAs from HapMap samples NA18507 and NA19129 were mixed at 1:1 and 4:1 ratios and were sequenced as described under Materials and Methods. Variants in each sample that were heterozygous and unique to that sample relative to the other (as described under Materials and Methods) were used to determine sensitivity, because these positions were expected to have VAFs of 25% and 10%, respectively, for the 50% and 20% mixes.
Review of the VAFs at heterozygous positions unique to NA18507 (n Z 95, of which 11 were coding) revealed the mean observed VAF to be 23.9% in the 50% mix and the mean VAF of NA19129-specific variants to be 13.1% in the 20% mix, demonstrating good agreement with the expected values. For the 50% mix, the sensitivity of detection for all NA18507 heterozygous unique variants meeting the validated quality criteria was 100%, both across the full capture region (n Z 90; 95% CI Z 94.9e100.0) and in coding regions (n Z 11; 95% CI Z 67.9e100.0) (Figure 6 
½F6 ½F6
). For the 20% mix, the sensitivity of detection for all heterozygous NA19129 variants meeting the quality criteria (n Z 109, including 14 coding; 13.1% mean observed VAF) was 92% (95% CI Z 84.5e95.9) and 93% (95% CI Z 64.2e99.6), respectively, across the capture region and in coding regions ( Figure 6 ). Considering only variants with observed VAFs of !10% (n Z 67), the sensitivity was 100% (95% CI Z 93.2e100.0). Seven and six false-positive calls were detected in the 50% and 20% NA19129 mixes, respectively, yielding PPVs of 98.3% (95% CI Z 96.3e99.2) and 98.5% (95% CI Z 96.5e99.3) across the full capture region. No falsepositive calls were detected in the analysis of coding 
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The Journal of Molecular Diagnostics -jmd.amjpathol.org 9 regions in either mix for PPVs of 100% (95% CI Z 90.6e100.0 for the 50% mix and 95% CI Z 90.4e100.0 for the 20% mix) ( Figure 6 ). The sensitivity for detecting variants at low AF was also assessed as a function of coverage depth using in silico mixing of NA18507 and NA19129 sequencing reads and random downsampling, as described under Materials and Methods. Synthetic mixed samples were generated from mapped read data from NA18507 and NA19129 in proportions of 50%, 20%, 10%, and 2%, which resulted in mean observed VAFs of 23.8%, 10.6%, 5.8%, and 1.1% for NA18507 variants that were heterozygous and unique (n Z 95). The performance of the variant calling pipeline for each mix, with variants binned into groups based on unique coverage levels (0 to 100Â, 101 to 200Â, and so on) at the variant position, is presented in Figure 7 ½F7 ½F7 . Sensitivity was calculated based on the proportion of variants in a given mix and coverage bin that were detected. For variants with 25% AF (50% mix), the sensitivity was 38% (95% CI Z 23.8e53.5) and 100% (95% CI Z 92.7e100.0), respectively, at 100Â and 200Â unique coverage. For variants with 10% AF (20% mix), the sensitivity was 16% (95% CI Z 4.0e25.6) at 100Â, reaching approximately 90% (95% CI Z 75.1e96.6) at 400Â and 100% (95% CI Z 79.4e100.0) at 1000Â unique coverage ( Figure 7) . Sensitivity for variants with 5% and 1% AF (10% and 2% mixes, respectively) was essentially 0% at all coverage levels.
Multiplexed Sequencing Validation
Because combining multiple samples in a single sequencing run introduces the possibility of cross-sample contamination, we examined the fidelity of indexed library sequencing by determining the frequency of spurious indices (ie, index sequences other than those expected) after multiplex sequencing. We first assessed the frequency of contamination that occurs during library preparation by preparing libraries from two human genomic DNA samples side by side and sequencing in separate lanes, as described under Materials and Methods. A total of 95 and 94 spurious indices were identified in samples 1 and 2, respectively, and the frequency of reads with the most commonly encountered spurious index was 0.0074% and 0.1822% in samples 1 and 2, respectively (Table 7 ½T7 ½T7
). The most frequent spurious index in sample 1 was the index used for library preparation for sample 2
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and vice versa, reflecting contamination during library preparation, most likely due to aerosol formation. However, the frequency of detection of spurious indices in this experiment did not exceed 0.2% of the reads, which is far below the limit of detection of the assay.
In addition, to investigate crossover between indexed samples on the instrument during multiplex sequencing, we assessed base calls in multiplexed HapMap samples at positions with unique homozygous nonreference genotypes in one sample relative to the other, as described under Materials and Methods. Because these positions are homozygous for the reference allele in one HapMap sample and homozygous nonreference in the other, all observed nonreference bases in the index with the homozygous reference genotype represent either sequencing errors or contamination from the other HapMap sample. The analysis of positions homozygous for the reference allele in 1117  1118  1119  1120  1121  1122  1123  1124  1125  1126  1127  1128  1129  1130  1131  1132  1133  1134  1135  1136  1137  1138  1139  1140  1141  1142  1143  1144  1145  1146  1147  1148  1149  1150  1151  1152  1153  1154  1155  1156  1157  1158  1159  1160  1161  1162  1163  1164  1165  1166  1167  1168  1169  1170  1171  1172  1173  1174  1175  1176  1177  1178  1179   1180  1181  1182  1183  1184  1185  1186  1187  1188  1189  1190  1191  1192  1193  1194  1195  1196  1197  1198  1199  1200  1201  1202  1203  1204  1205  1206  1207  1208  1209  1210  1211  1212  1213  1214  1215  1216  1217  1218  1219  1220  1221  1222  1223  1224  1225  1226  1227  1228  1229  1230  1231  1232  1233  1234  1235  1236  1237  1238  1239  1240 NA19240 resulted in 0/2726 (0%) reads that matched NA18507 (Table 8 ½T8 ½T8
). In the converse analysis, 1/1586 reads (0.06%) matched the other sample. An extended analysis across the entire exome yielded a 0.03% rate of potential sample crossover at homozygous reference positions in both HapMap samples. This resulted in an estimated oninstrument crosstalk frequency of 0.03% to 0.06%. The total error rate, as estimated by fraction of any nonreference bases called at such positions, was 0.04% to 0.06% across the WUCaMP capture region and 0.3% to 0.4% across the exome.
Detection of Pathogenic Variants in Known Clinical Standards
The sensitivity of the WUCaMP assay to detect pathogenic tumor mutations was demonstrated by assaying 15 masked clinical specimens known to harbor one or more pathogenic SNVs in the capture region, based on prior Sanger sequencing or other genotyping assay performed in a CLIA-licensed clinical laboratory. All SNVs (13/13 on the HiSeq instrument and 4/4 on the MiSeq) were detected using our pipeline when the AF of these variants was !15% (Table 9 ½T9 ½T9
). Three SNVs Figure 6 Low VAF detection. For all target regions (top row) and for coding regions only (bottom row), sensitivity, false positives, and PPV are presented for one sample with a 50% mix proportion and a second sample with a 20% mix proportion. Error bars indicate the 95% binomial confidence interval for each point estimate. Top row: n Z 109 variants (50% mix); n Z 95 variants (20% mix). Bottom row: n Z 11 variants (50% mix); n Z 14 variants (20% mix). PPV Z TP/(TPþFP). y Different technicians performed library preparations on the same specimen, which were sequenced together in the same lane.
z
The same library preparation was sequenced in two different lanes on the same HiSeq run.
x The same library preparation was sequenced on two separate HiSeq runs. { The same library preparation was sequenced on two different instruments.
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Discussion
Our comprehensive approach for the validation of SNVs in the WUCaMP assay included measuring analytic sensitivity and specificity for inherited variants across the entire targeted region in HapMap samples and for variants at low AF using synthetic mixtures of these samples to simulate the heterogeneity expected in cancer specimens. We also measured reproducibility between and within runs, instruments, and technologists, and determined QC metrics based on well in excess of 100 sequencing data sets derived from validation tumor specimens. Finally, we called variants in a masked fashion for 15 specimens with known cancer-associated variants. Analytic sensitivity and specificity for inherited SNPs across the target region were evaluated using a wellcharacterized HapMap sample (NA19240) that made it possible to use orthogonal sequence and genotype data generated previously by Complete Genomics wholegenome sequencing (302 SNVs and nearly 300,000 reference sites) and the Illumina Omni 2.5M SNP array (123 SNVs), which showed technical sensitivity and specificity of 100% by both comparisons within the coding regions of the genes in the WUCaMP assay. Our dilution experiments showed 100% sensitivity for variants an observed VAF of !10% in all targeted regions and also in coding regions only, while maintaining a PPV of >98% overall and a PPV of 100% in coding regions. These results have been confirmed by a more comprehensive set of dilution experiments that explored a wider range of mix proportions and SNV detection software.
35
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We also showed that analytical sensitivity and specificity of the NGS assay obtained on the MiSeq instrument were similar to those obtained on the HiSeq 2000. Finally, testing of 15 masked specimens previously tested in accredited clinical laboratories showed that our NGS assay correctly identified 100% of pathogenic mutations with a VAF of !15%. It is worth noting that no false-positive coding calls were observed, which is especially important when genetic testing is performed to direct the adjuvant therapy of cancer patients, because in this setting the absence of mutations in some genes has an equally important role in the selection of treatment regimen as the presence of mutations in other genes. Use of the WUCaMP assay for analysis of the three other classes of sequence changes (ie, copy number variants, structural rearrangements, and small insertions and deletions) will require a similar validation paradigm. At present, efforts are ongoing to assess the ability of the WUCaMP assay to detect these additional types of genetic aberration. 36 The utility of the genes included in the WUCaMP assay has been well documented in prior clinical studies, and treatment decisions can be directly affected by the detection of certain mutations in the WUCaMP gene set. For example, there are certain mutations in the kinase domains of genes that predict response to specific targeted therapies: EGFR and ERBB2 mutations in nonesmall cell lung cancer, 37, 38 JAK2 mutations in myeloproliferative disorders, 39 BRAF mutations in melanoma, 40 ALK mutations in neuroblastoma, 41 and KIT and PDGFRA mutations in gastrointestinal stromal tumors. 42 In contrast, other mutations predict resistance to therapy; for example, detection of codon 12 mutations in KRAS predicts resistance to treatment with EGFR tyrosine kinase inhibitors 1365  1366  1367  1368  1369  1370  1371  1372  1373  1374  1375  1376  1377  1378  1379  1380  1381  1382  1383  1384  1385  1386  1387  1388  1389  1390  1391  1392  1393  1394  1395  1396  1397  1398  1399  1400  1401  1402  1403  1404  1405  1406  1407  1408  1409  1410  1411  1412  1413  1414  1415  1416  1417  1418  1419  1420  1421  1422  1423  1424  1425  1426  1427   1428  1429  1430  1431  1432  1433  1434  1435  1436  1437  1438  1439  1440  1441  1442  1443  1444  1445  1446  1447  1448  1449  1450  1451  1452  1453  1454  1455  1456  1457  1458  1459  1460  1461  1462  1463  1464  1465  1466  1467  1468  1469  1470  1471  1472  1473  1474  1475  1476  1477  1478  1479  1480  1481  1482  1483  1484  1485  1486  1487  1488 in lung cancer 43 and resistance to treatment with anti-EGFR monoclonal antibodies in colorectal cancer. 44 Unexpected findings, such as the discovery of BRAF V600E in an ovarian cancer, with subsequent response to treatment with a BRAF inhibitor, 45 support the utility of sequencing genes that are not strictly characteristic for the patient's tumor type. Thus, the WUCaMP assay that we have validated here provides actionable information to direct patient care in routine practice.
Compared with genetic tests designed to detect inherited (constitutional) mutations, clinical molecular oncology tests have additional complexities because they target acquired (somatic) mutations. Tumor samples are an admixture of cell types, tumor viability varies within the tissue samples, and tumors harbor intrinsic genetic heterogeneitydall of which can affect test results. Analysis of FFPE specimens is further complicated by the chemical effects of formalin fixation on nucleic acids, which introduce crosslinks that can inhibit the enzymatic steps of DNA library preparation and also can cause direct DNA damage. 34, 46 Nonetheless, these challenges can be overcome through the use of NGS technologies, which have been already used to sequence cancer genomes, including acute myeloid leukemia, 47 smalland non-small cell lung cancer, 48, 49 and melanoma, 50 among others. Our own demonstration that read and coverage statistics for fresh tissues are similar to those of FFPE is also paramount to validation of the WUCaMP assay for use in routine clinical practice, because for the vast majority of solid-tumor specimens only FFPE tissue is available for testing. Based on our in silico sensitivity analysis, 85% and 100% of variants with 10% AF were detected at 400Â and 1000Â unique coverage levels, respectively. Thus, the high average coverage level achieved by the WUCaMP assay (>1000Â) is crucial for the detection of variants at low AF. However, even at this depth, somatic variants present at AFs of <10% are missed by the current implementation of our informatics pipeline. Such low VAFs are known to occur in cancer specimens, and their detection may be possible with other software and ultimately with technical advances in NGS library preparation and analysis. 35 Currently, we use a workaround whereby individual base counts at hotspot positions recurrently mutated in cancer (eg, KRAS codon 12 or BRAF V600) are generated for review independently of the variant calls returned by the informatics pipeline, allowing identification of variants below the 10% threshold of automated detection.
In routine clinical practice, WUCaMP NGS assay QC is performed at multiple points in the workflow. First, a surgical pathologist performs histopathological examination of archival H&E-stained tissue sections. A region of tumor cellularity of !20% is required; the cutoff is selected based 
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The Journal of Molecular Diagnostics -jmd.amjpathol.org 13 on our estimated VAF limit of detection. This step not only minimizes the chance of obtaining false-negative results due to the presence of variants below the level of detection, but also avoids performing unnecessary testing. Second, a clinical genomicist reviews QC parameters of DNA extraction, library preparation, and targeted capture to evaluate DNA quality and library product quantity and fragment size. Third, a clinical genomicist evaluates three levels of sequencing run QC metrics, benchmarked to reference standards obtained from our 119 validation tumor specimen data sets. The level 1 metrics concern read and coverage depth, including the number of unique on-target reads achieved across the 300-kb capture region and the percentage of positions that reach unique coverage thresholds of 50Â, 400Â, and 1000Â. In routine clinical use, specimens that fail to match the range of coverage observed during validation require particular scrutiny of the remaining QC measures. The level 2 metric is a measure of which exons failed to achieve 50Â unique coverage at 95% of exonic positions; this is frequently the first exon of genes, which are often GCrich and therefore difficult to amplify by PCR and/or to capture by fluid-phase targeted hybrid capture. 51 Of the 14 exons that failed this level of QC on an average validation run, 2 exons are entirely noncoding; according to the COS-MIC database, no recurrent mutations are reported in the remaining 12 exons. It is unlikely, therefore, that a clinically important mutation would be missed because of the lower coverage in these regions. For such failed exons, orthogonal testing is not performed; instead, low coverage of the exon is declared in the clinical report. Finally, the level 3 metric verifies that all curated actionable mutation positions have achieved a unique coverage depth of !50Â.
We have considered the utility of verifying NGS somatic variant findings by Sanger sequencing, and indeed performed targeted Sanger sequencing in parallel with the WUCaMP assay on 51 patient specimens after launch of the test. It is important to emphasize that this analysis included verification of both wild-type as well as SNV sequence calls, to monitor the occurrence of false negatives as well as false positives. An approach focused on verification of identified SNVs alone would have represented a form of discrepant analysis (also known as review bias), which is well established as an intrinsically biased approach that generates significant overestimates of test performance metrics, including sensitivity and specificity. 52, 53 In our analysis, all SNVs identified by Sanger sequencing were also called by the WUCaMP assay, whereas a single highquality, low-AF SNV identified by the WUCaMP assay was not called by Sanger sequencing. This finding, although unsurprising in light of the limitations of Sanger sequencing, underscores the shortcomings of verifying somatic NGS calls using an approach with inherently inferior sensitivity. Given the high sensitivity and specificity of the WUCaMP assay for variants at observed AFs of 10% to 100%, targeted verification of positive and negative findings by Sanger sequencing on every clinical case would not improve the accuracy of test results.
To make review of the NGS data from the WUCaMP assay efficient and accurate, we have curated all published variants of the genes in the assay associated with treatment or clinical outcomes into a database that links the variant with an annotated interpretation based on the medical literature. The need for this functionality, together with the requirement for software that can integrate publicly available NGS analysis tools and NGS viewers, led us to develop the CGW comprehensive software application. In general terms, CGW filters and annotates the variant calls to remove those reported in dbSNP with a VAF of >5%. It then marks variants that are reported in COSMIC and attaches the appropriate genomic, coding, and protein nomenclature and curated clinical interpretations from the internally developed medical annotation database noted above (with visualization of the identified variants and hyperlinks to relevant databases) before generating a draft report, all of which significantly reduces the time and effort required to review data-heavy NGS results. The WUCaMP report classifies variants into levels based on the potential actionability of the variant, a classification that is tailored to the type of the variant in the setting of the specific tumor type. SNPs not reported in COSMIC are classified as known polymorphisms,
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and non-SNP variants lacking evidence of actionability or prognostic value from the literature are classified as variants of unknown significance.
Proficiency testing for NGS is currently unavailable. However, reference materials for NGS proficiency testing are being developed by CAP, the National Institute of Standards and Technology (NIST), and the CDC, with plans for pilot offerings in 2013 and full implementation in 2014. In the interim, we have developed our own alternative performance assessment strategy in accord with CAP recommendations, as follows. The alternative assessment (AA) is performed biannually, and two samples are analyzed in each AA cycle. One sample is a tissue specimen processed starting from the DNA isolation step, to evaluate the wet-bench procedure and the bioinformatic analysis; the second sample is an NGS sequence file, to evaluate the bioinformatic analysis only. The cases used for AA are either obtained from other CLIAlicensed laboratories or from clinical cases previously processed and signed out in our laboratory; the cases cover both disease-associated and naturally occurring sequence variations across the genomic regions targeted by our test (as recommended 19 ). Each clinical genomicist (either a pathologist with subspecialty certification in Molecular Genetic Pathology from the American Board of Pathology or a laboratory director certified by the American Board of Medical Genetics in Clinical Molecular Genetics and/or Clinical Cytogenetics, or by the American Board of Clinical Chemistry) performs a masked independent review of the two cases and signs them out in the laboratory information management system. Three types of comparisons are then performed. First, the QC metrics of library preparation and sequencing are compared with those of the original run. Second, the variant calls are compared with those of the original run. Third, the variant classification and interpretation are compared between the reviewing clinical genomicists and the original report. Any significant differences observed for the QC metrics, variant calls, or classification between the AA and the original analysis are rigorously assessed until the source of the discrepancy is identified and resolved. It is worth noting that our AA approach is somewhat similar to the CAP proficiency testing challenges for chromosomal microarray analysis, in which DNA is provided to the laboratory to test from the wet-bench procedure through bioinformatic analysis and subsequent interpretation, with additional challenge questions on paper used to further gauge interpretative components of array testing.
As with any genetic test, there is a risk of detecting secondary or incidental findings. DNA sequence analysis of tumor tissue may identify variants linked to familial cancer syndromes in addition to somatically acquired mutations. Correct classification of these variants can be difficult, because there is overlap between mutations described as somatic changes and those linked to familial cancer syndromes. 48, 50, 54, 55 Although it is possible to distinguish between a germline and a somatic change by paired analysis of germline and tumor tissue, current laboratory workflows and economic realities limit NGS to the tumor specimen itself. In the context of the WUCaMP assay, whenever a clinically significant variant is suspected to be constitutional, the ordering clinician is informed, formal medical genetic evaluation is recommended, and, if clinically indicated, a constitutional sample (such as a buccal swab or peripheral blood specimen) is obtained, to establish the correct classification of the problematic variant by Sanger sequencing.
Here, we have described the validation of an NGS-based clinical oncology test for the detection of somatic variation in actionable gene targets. The validation process we describe for SNVs addresses recommendations of Gargis et al, 19 the NGS checklist requirements of CAP, 18 and NGS regulations of the New York State Department of Health. As detailed above, our validation approach for independent confirmation of SNVs meets these requirements, inasmuch as our approach includes comparison of our results with publicly available whole-genome sequence data, SNV calls extracted from publicly available microarray data, and data from Sanger sequencing performed in our laboratory. Likewise, we have independently confirmed well in excess of 10 SNVs from patient samples in which NGS detected a 1-bp change.
There is admittedly some ambiguity as to the precise intent of some of the recommendations of the regulatory entities. For example, the New York State Department of Health regulations require that a minimum of 10 positive patient samples "for each type of variant in each target area" must be independently confirmed. It is reasonable to interpret the phrase "each type of variant" as referring to the class of variant (namely, SNVs as opposed to indels, structural variants, or copy number variants), rather than to the functional consequence of the variant (splice site, versus coding region synonymous, missense, or nonsense) and to interpret the phrase "target area" as referring to the entire 300-kb capture region of our assay, rather than to specific mutation hotspots, exons, or genes, as we did for the validation of our assay. Nonetheless, other interpretations are possible that would clearly require different validation paradigms in routine clinical practice. Because the New York State Department of Health requirements seem to be the most rigorous yet published, there is no doubt that the ambiguities must be addressed. Thus, the type of regulatory uncertainty highlighted by our validation approach for SNVs in tumor samples will likely be of interest to many entities as they develop guidelines for NGS-based clinical testing that address the technical and bioinformatic features of hybrid capture-based methods, as well as amplificationbased methods.
The various features of our validation approach for SNVs in tumor samples evaluated by NGS should prove useful to clinical laboratories developing similar approaches to test tissue samples to guide patient management in the emerging paradigm of precision medicine (or personalized medicine), whether at the time of diagnosis or at relapse. Similarly, our validation approach should also prove useful for clinical laboratories developing validation approaches for the other classes of somatic variation, including indels, copy number variation, and structural variation.
